The cross sections for neutrino scattering off the 116 Cd nucleus have been computed by utilizing the Quasi-particle Random Phase Approximation (QRPA). Angular and initial energy dependence of the neutrino-nucleus cross sections have been calculated at low and intermediate electron neutrino energies up to 100 MeV. By solving the QRPA equations and fixing the appropriate parameters the lowest lying excitation energies spectrum was reproduced. The contributions from multipole excitations was examined. The obtained results could be used for studying the nuclear response of this isotope to supernova neutrino spectra. 2
Neutrino-nucleus interactions are very crucial since they provide a robust means of acquiring information regarding the hidden neutrino properties, the structure of the fundamental electroweak interactions and other astrophysical phenomena [1] [2] [3] [4] [5] [6] [7] . In the last decades neutrinos have sparked intense interest for various experiments in order to investigate them in nuclear, cosmology and astroparticle physics [2, 7, 9] .
Experimental data always guide the theoretical models, therefore for the above experiments to be supported many theoretical descriptions have been developed. Quasi-particle Random Phase Approximation(QRPA), provides the liberty of performing calculations in a luxurious model space and consequently is a convenient way of exploiting the nature of the above reactions.
When research is interested in studying the nuclear response to astrophysical neutrino spectra, neutrino-nucleus cross section calculations at low and intermediate neutrino-energies are of great importance [10] . In the present work, we present our results on this topic for the 116 Cd(ν, ν ) 116 Cd * reaction, by performing realistic calculations for neutral-current neutrino-nucleus processes. We particularly focus on the dependence on the scattering angle and initial neutrino-energy of the differential and integrated cross sections of the above reaction.
Individual contribution of the various incoherent (inelastic) neutrino induced nuclear transitions of this isotope has been considered. 116 Cd is a nucleus used as a neutrinoless double beta decay target, such as COBRA [2] , NEMO [9] etc. The high value of transition energy of this isotope makes it a significant detector in order to avoid background events in the double beta decay region. In the present work we calculate the total cross sections of the 116 Cd(ν, ν ) 116 Cd * reactions and we present the dominant and some important multipole contributions.
Neutral Current Neutrino-nucleus cross sections Formalism
We consider neutral current neutrino-nucleus interactions in which a low and intermediate energy neutrino (or antineutrino) is scattered elastically or inelastically from a nucleus (A,Z), via exchange of neutral Z 0 bosons with the nucleus as
where ν e (ν e ) denote neutrinos (anti-neutrinos) of any flavor.
In the coherent channel, the nucleus remains in its ground state while in the incoherent the nucleus is excited. The neutrino-induced reactions leave the final nucleus in an excited state below or above particle-emission threshold.
The initial nucleus is assumed to be spherically symmetric and to reside in its ground state with angular momentum and parity Jp = 0+. In our J-projected nuclear structure calculations, the initial and final nuclear states have welldefined spins and parities, J π m (the index m counts the multipole state from low to high energies).
Then the differential cross section(according to the energy and the direction of the outgoing neutrino) is written as
where ω = ε i − ε f is the excitation energy of the nucleus and ε i , denotes the energy of the incoming neutrino while ε f (k f ) represent the energy (momentum) of the outgoing lepton. The contributions σ J CL , for the Coulomb and Longitudinal components, and σ J T , for the transverse components, are written as
where Φ is the lepton scattering angle and b = ε i ε f /q 2 , In our convention ( = c = 1) it holds |k f | = ε f . The summations in Eq. (2) contain the contributions of the well known operators Coulomb M J , longitudinal L J , transverse electric T el J and transverse magnetic T mag J multipole operators as defined in [13] .
The magnitude of the three momentum transfer q is given by
Results
The main purpose of the present work was the investigation of neutrino scattering off the 116 Cd nucleus for neutrino energies up to about 100 MeV [8] . For the construction of the wavefunctions of the initial and final nuclear states we used the QRPA method. Both Fermi and Gamow-Teller like contributions of the polar vector and axial vector have been considered. A Coulomb corrected Woods-Saxon potential was used as field interaction and as two body residual interaction the Bonn-C meson exchange potential was utilized. Our model space consists of the following twelve active single particle levels: 0d 5/2 , 1s 1/2 , 0d 3/2 , 1p 1/2 , 1p 3/2 , 0f 5/2 , 0f 7/2 , 0g 9/2 , 0g 7/2 , 1d 5/2 , 1d 3/2 , 2s 1/2 (up to 4 ω major harmonic oscillator shells).
At the BCS level, the values of the pairing parameters for protons (g p pair ) and neutrons (g n pair ) which reproduce the pairing gaps in the usual way [14, 15] was found to be g p pair = 1.43 and g n pair = 1.37. By solving the QRPA equations the strength parameters for the particle-hole channel, g ph and the particleparticle channel,g pp were fixed so as the lowest lying excitation energies to be reproduced. The above parameters get values in the ranges shown in Table  1 . The evaluation of these strength parameters was obtained separately for each set of multiple states. The values obtained for g ph lie in the region: 0.03-0.90 whereas for g pp 0.85-1.20. By using the above parameters we produced the low-lying energy spectrum, shown in Figure 1 , where this spectrum was compared to that given by experiment.
In the next step of our research we proceeded with the calculation of the cross sections.The primary results refer to the double differential cross sections of 
Exp.
Th. Eq.(2). Total differential cross sections were evaluated by summing over partial rates for various sets of multipole states included in our truncated model space up to J π = 8 + . For integrated (total) cross-sections we used numerical integration techniques(Gauss method) to integrate the aforementioned differential cross sections. From our results, shown in Table 2 , one could conclude that the total cross sections are large at low energies. For higher neutrino energies,( i > 80 MeV) the total cross sections are dramatically decreased.
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We then examined the contributions of various sets of multipole states. Multipoles up to J=8+ were considered. The contributions for J=2+ multipole states proved to be dominant and its differential cross section with respect to the excitation energy is shown in Fig.2 . For higher multipole excitations the contributions were found to be significantly negligible. The most important contributions are shown in Fig.3 . The next goal of our study was to present the angular and excitation energy dependance of the dominant contribution. Our results are illustrated in the three-dimensional plot below (Fig.4) . We examined this dependance for all multipole states. By analysing the results one could conclude that for low neutrino energies up to i = 10 − 12 MeV, the differential cross section decreases as the scattering angle increases but for higher energies the process is reversed [12] . For energies greater than i ≥ 15 MeV the total cross section comes from the axial vector component of the operator, result in agreement with previous calculations made for other nuclear systems [13] .
A comparison of the contribution of the different operators to the cross section was also performed. We observed that for energies above around 12 MeV transverse transitions are clearly prominent [12] . These observation is in agreement with that of Ref. [16] Finally, the averaged neutrino fluxes were obtained for the 116 Cd isotope, as a supernova detector by using a Fermi-Dirac distribution [12] . We concluded that this isotope could be a promising supernova detector. It is worth mentioning that an alternative method of fixing the pairing parameters could be computed based on the energy of the giant dipole resonance of the studied isotope [17] . However this method is more suitable for examining higher excitation neutrino energies.
Summary and Conclusions
Realistic state-by-state calculations for inelastic neutrino-nucleus scattering off 116 Cd nucleus were performed. The Quasi-particle Random Phase Approximation (QRPA) method was used for obtaining total integrated cross-sections. The neutrino energy range of our interest goes up to projectile energies of 100 MeV. The parameters of the nuclear system have been fixed so as to reproduce the low-energy spectrum. The angular and initial-neutrino energy dependence of this isotope cross sections were systematically calculated. We found that the transverse axial vector responses give the largest contributions to the cross sections. Differential cross sections have been evaluated for a great number of low-lying nuclear excitations induced through the neutrino-nucleus interactions. Our results show that the contribution of the 2+ set of multipole states dominates the total differential cross in both nuclear systems. In the present paper we present results only for neutral current. Charged current results will be published elsewhere.
